Background. Recurrence after resection of colorectal liver metastases (CRLMs) occurs in up to 75% of patients. Preoperative prediction of hepatic recurrence may inform therapeutic strategies at the time of initial resection. Texture analysis (TA) is an established technique that quantifies pixel intensity variations (heterogeneity) on cross-sectional imaging. We hypothesized that tumoral and parenchymal changes that are predictive of overall survival (OS) and recurrence in the future liver remnant (FLR) can be detected using TA on preoperative computed tomography (CT) images. Methods. Patients who underwent resection for CRLM between 2003 and 2007 with appropriate preoperative CT scans were included (n = 198) in this retrospective study. Texture features extracted from the tumor and FLR, and clinicopathologic variables, were incorporated into a multivariable survival model. Results. Quantitative imaging features of the FLR were an independent predictor of both OS and hepatic disease-free survival (HDFS). Tumor texture showed significant association with OS. TA of the FLR allowed patient stratification into two groups, with significantly different risks of hepatic recurrence (hazard ratio 2.09, 95% confidence interval 1.33-3.28; p = 0.001). Patients with homogeneous parenchyma had approximately twice the risk of hepatic recurrence (41 vs. 20%). Conclusion. TA of the tumor and FLR are independently associated with OS, and TA of the FLR is independently associated with HDFS. Patients with homogeneous parenchyma had a significantly higher risk of hepatic recurrence. Preoperative TA of the liver represents a potential biomarker to identify patients at risk of liver recurrence after resection for CRLM.
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Approximately 140,000 cases of colorectal cancer are diagnosed annually in the US. 1 Nearly 25% of patients have colorectal liver metastases (CRLMs) at presentation, and approximately 50-60% will develop metachronous CRLM. 2 For selected patients with CRLM, hepatic resection is the treatment of choice because of potential long-term survival and cure. 3 However, overall recurrence rates are as high as 75%, and at least half of recurrences involve the remnant liver. [4] [5] [6] Therefore, predicting, identifying, and treating hepatic recurrence are of critical importance.
Adjuvant hepatic arterial infusion (HAI) chemotherapy with floxuridine (FUDR) and systemic 5-fluorouracil has been associated with improved overall survival (OS), compared to with adjuvant 5-fluorouracil alone, in a randomized trial. 7 Furthermore, adjuvant HAI-FUDR is associated with an improvement in hepatic disease-free survival (HDFS) after hepatic resection. 7, 8 Thus, preoperative prediction of hepatic recurrence would identify candidates for adjuvant HAI. Although prognostic models utilizing clinical and pathologic variables have been associated with survival and overall recurrence, no marker that is prognostic for hepatic recurrence has been established. 4, [9] [10] [11] It has been hypothesized that intrahepatic recurrence may arise from occult metastases that are present at the time of resection but are not detectable on conventional imaging. 12, 13 Computer-based image analysis, such as texture analysis (TA), has the potential to detect changes in liver parenchymal enhancement. Texture analysis quantifies heterogeneity at the pixel level in computed tomography (CT) images. Texture features of liver parenchyma may be altered by occult malignancy and may represent a potential surrogate for later recurrent disease.
14-16 TA of hepatic parenchyma has been shown to be predictive of post-hepatectomy liver insufficiency, hepatitis C activity, and grade of cirrhosis. 17, 18 These findings provide preliminary evidence that TA may be able to detect variations in the liver that may, in turn, be related to risk of hepatic recurrence. There may also be a role for TA in the assessment of intratumoral heterogeneity related to cell density, necrosis, and fibrosis. TA has been used to distinguish gastric cancer subtypes 19 and predict OS in patients with primary colorectal cancers, 20 hepatocellular carcinoma, 21 and CRLM. 22 In patients with CRLM, tumor morphology assessed by radiologists correlated with pathologic response and survival, suggesting a link between imaging, pathology, and survival, but this relationship has not been well elucidated. 23 This study analyzed whether TA features of the tumor and future liver remnant (FLR) at the time of hepatic resection are associated with OS and/or HDFS in a large series of consecutive patients undergoing resection for CRLM.
METHODS

Population
This retrospective study included 198 patients selected from 384 consecutive patients previously included in an unrelated study. 24 Inclusion criteria were (1) pathologically confirmed resected CRLM; (2) data from pathologic analysis of the nontumoral liver parenchyma; and (3) available preoperative portal venous-phase CT images within 6 weeks of hepatic resection. Imaging for 83 patients did not meet the quality criteria and these patients were therefore excluded. Patients who died within 90 days of operation (n = 4) or who had \24 months of follow-up (n = 11) were also excluded. Additionally, because the pathologic effects of HAI-FUDR on nontumoral liver parenchyma have not been well described, patients who underwent preoperative HAI-FUDR were excluded (n = 33). Finally, to ensure that an accurate 3D model of the FLR could be obtained, patients who underwent local tumor ablation or more than three wedge resections in the FLR were excluded (n = 55). A waiver of Health Insurance Portability and Accountability Act authorization and informed consent was obtained from the Institutional Review Board at our institution.
Data
Demographics, disease characteristics, and operative and pathologic data were collected from the database used in the previous study and supplemented via review of patient medical records. Synchronous disease was defined as a diagnosis of CRLM within 6 months of primary colorectal tumor diagnosis, while neoadjuvant chemotherapy was defined as systemic chemotherapy administered within 6 months of liver resection. Adjuvant therapy was offered at the discretion of the multidisciplinary team and consisted of systemic chemotherapy alone or with HAI-FUDR.
Pathology
The pathologic appearance of the nontumoral liver parenchyma had been reassessed by a pathologist in the study mentioned above. 24 Patients were considered to have steatosis if [5% of the examined parenchyma was involved. Steatohepatitis was defined by a nonalcoholic fatty liver disease activity score C4 on the basis of the Kleiner-Brunt histologic scoring system. 25 Sinusoidal injury was scored from 0 to 3 on the basis of the RubbiaBrandt system, 26 and patients with a score C1 were considered to have sinusoidal injury.
Tumors were also reassessed by a pathologist in a study examining histologic response patterns in CRLM. 27 Pathologic response was defined as the summation of percentage necrosis, fibrosis, and acellular mucin. Fibrosis [40% had the greatest prognostic significance, and the same threshold was used for this study.
Computed Tomography Acquisition and Image Processing
Patients underwent a contrast-enhanced portal venousphase CT scan in accordance with standard imaging protocols. A multidetector CT scanner (Lightspeed 16 and VCT; GE Healthcare, Madison, WI, USA) was used for abdominal imaging, with the following main parameters: autoMA 220-380; noise index 12-14; rotation time 0.7-0.8 ms; scan delay 80 s. The post-treatment/preoperative CT was used for patients who received neoadjuvant chemotherapy. In patients with preoperative portal vein embolization (PVE), the pre-PVE CT was used because the effects of PVE on TA are unstudied. Images were transferred from the picture archiving and communication system (PACS) to a workstation for processing. Liver, tumors, vessels, and bile ducts were semi-automatically segmented, and a 3D model was generated using Scout Liver (Pathfinder Technologies Inc., Nashville, TN, USA). The performed liver resection was virtually drawn on the 3D model of the liver. Image volumes of the FLR and index tumor (largest metastasis) were created for TA.
Texture Analysis Figure 1 illustrates pixel variation in a hepatic CT scan. Variation in pixel intensity is measured statistically using gray-level co-occurrence matrices (GLCM). 28, 29 We generated GLCM statistics using automated software developed by a computer scientist (ALS), as described previously. 17 Although there are 22 available GLCM features, we chose the five considered in the literature 30 to be the most discriminatory: contrast, correlation, energy, entropy, and homogeneity. Definitions of each feature are included in electronic supplementary material 1.
Statistical Analysis
Descriptive and comparative statistics were generated using Statistical Software for the Social Sciences (SPSS) version 22.0 (IBM Corporation, Armonk, NY, USA). A p value of 0.05 was considered significant. Univariable OS and HDFS analysis was performed using Kaplan-Meier statistics (log-rank test) for preoperative clinical and texture variables. Variables with a p-value \0.1 were included in a subsequent multivariable model. The OS event was death from any cause, and patients alive at last follow-up were censored. HDFS was defined as the interval from operation to any hepatic recurrence. To test the relationship between clinical and texture variables, Spearman's correlation coefficients were calculated and presented in a correlation matrix. Dependence was ruled out with a correlation coefficient (absolute q-value) of \0.7. In the case of dependence between two or more variables, the variable that was the most correlated with OS and HDFS, or that was the most clinically relevant, was included in multivariable analysis (Cox regression model) using backward selection. By combining the most significant FLR texture features into a single linear predictor, one FLR texture variable was utilized for the multivariable model. A similar linear predictor was made based on the most significant tumor texture features. Results from the Cox proportional hazards models were reported as hazard ratios (HRs) with 95% confidence intervals (CIs).
RESULTS
Perioperative Data
Overall, 198 patients who underwent hepatic resection for CRLM between April 2003 and March 2007 were included in the study. The median age of patients was 61 years (range 30-88), and 60% (n = 118) were male. Demographic and clinicopathologic factors are listed in Table 1 . A Spearman's correlation matrix demonstrating the statistical relationship between clinicopathologic factors and texture variables is presented in electronic supplementary material 2.
FIG. 1
Underlying variation in pixel intensity in an exemplar 30 9 30 pixel patch derived from a liver computed tomography scan. Texture analysis quantifies this variation. In this study, texture was extracted from the entire future liver remnant and index tumor
Overall Survival
Median OS for the entire cohort was 75.7 months (95% CI 60.7-90.7). After a median follow-up of 102 months (range 3.8-131.9), 90 patients (45.5%) were alive and 70 had no evidence of disease. In univariable analysis, tumor size, extrahepatic disease, neoadjuvant chemotherapy, tumor fibrosis [40%, FLR homogeneity, FLR contrast, FLR energy, FLR entropy, tumor correlation, tumor homogeneity, and tumor contrast (p \ 0.1) ( Table 2) were associated with OS and were subsequently included in a multivariable Cox regression model. Following Spearman's test for dependence (electronic supplementary material 2), FLR homogeneity and FLR contrast were highly correlated with FLR energy and were therefore removed from the model. FLR energy and FLR entropy were combined into a single linear predictor, 'FLR texture signal', which was included in the multivariable model. Tumor correlation and tumor contrast were similarly combined, as 'tumor texture signal', and were included in the multivariable model. Neoadjuvant chemotherapy, extrahepatic disease, tumor fibrosis [40%, FLR texture signal, and tumor texture signal were independently associated with OS (Table 3) .
Hepatic Disease-Free Survival
At the last follow-up, overall recurrence was 66.7% (n = 132); 81 patients with recurrence (61.4%) had liver involvement, and recurrence was confined to the liver in 43 patients. Median overall recurrence-free survival was 22 months (95% CI 14.0-30.6), while median HDFS was not reached. In univariable analysis, multiple metastases, preoperative PVE, extrahepatic disease, tumor fibrosis [40%, FLR energy, FLR entropy, tumor correlation, and tumor contrast (p \ 0.1) ( Table 2) were associated with HDFS (as above, FLR homogeneity and FLR contrast were excluded). These factors, as well as FLR and tumor texture signals, were subsequently included in a multivariable Cox regression model. Extrahepatic disease and FLR texture signal were independently associated with HDFS (Table 3) . By dichotomizing FLR texture signal into high and low texture (using the median value), we were able to stratify patients into two distinct risk groups of liver recurrence (Fig. 2a) . Patients with a high FLR texture signal had a significantly higher cumulative risk of liver recurrence (HR 2.09, 95% CI 1.33-3.28; p = 0.001). The cumulative hazard of liver recurrence at 24 months after resection for CRLM was 41.1% (95% CI 30.5-50.2) in the high-risk FLR group and 19.5% (95% CI 11.1-27.0) in the low-risk FLR group. There was no difference between the high-and low-risk groups with regard to clinical risk score (p = 0.112).
Impact of Adjuvant Hepatic Arterial Infusion with Floxuridine (HAI-FUDR) Therapy
The administration of adjuvant HAI-FUDR was associated with improved HDFS (HR 0.591, 95% CI 0.36-0.98; p = 0.034) (Fig. 2b) . FLR texture signal, dichotomized and grouped by HAI-FUDR, was used to stratify patients 
DISCUSSION
This study investigated the use of TA to predict survival and hepatic recurrence in a consecutive series of patients undergoing hepatic resection for CRLM. In a multivariable analysis that included standard preoperative clinical variables, tumor and FLR texture signals were associated with OS, and FLR texture signal was associated with HDFS. These findings suggest that preoperative TA of the tumor and nontumoral liver represent potential imaging biomarkers for patients undergoing hepatic resection for CRLM.
With regard to TA of the liver parenchyma, higher FLR texture signal was associated with shorter survival. In other words, high FLR texture signal corresponded to a homogeneous FLR appearance with limited pixel variation on CT. Using FLR texture signal as a dichotomized variable allowed stratification of patients into two distinct groups OS overall survival, HDFS hepatic disease-free survival, CRLM colorectal liver metastases, CEA carcinoembryonic antigen, PVE portal vein embolization, FLR future liver remnant, CI confidence interval, HR hazard ratio (Fig. 2a) . Patients with high-risk FLR had shorter HDFS. Thus, high FLR texture signal might suggest the presence of occult metastases or other underlying parenchymal changes that are associated with recurrence. Structural changes (angiogenesis, extracellular matrix remodeling) in the remote and peritumoral liver parenchyma have been described in patients with CRLM. [31] [32] [33] It has also been shown that exosomes derived from pancreatic ductal adenocarcinoma induce changes in the extracellular matrix, providing a favorable niche for development of metastasis in the liver. 34 These parenchymal modifications involved in prometastatic mechanisms might already be occurring in the FLR at the time of resection and may be detectable using preoperative TA. However, the factors underlying the association between homogeneous FLR and shorter survival require further investigation.
Texture features of the FLR were correlated with some clinical variables. Notably, steatosis and steatohepatitis were correlated with FLR texture features. However, underlying steatosis and steatohepatitis were not associated with OS and HDFS in univariable analysis. Thus, although steatosis and steatohepatitis may contribute to alterations in the appearance of the FLR, they do not account for differences in OS and HDFS. Validation of such assumptions will require further investigations that pair preoperative TA with pathologic assessment of the FLR.
Analysis of our institutional data shows there is a benefit associated with adjuvant HAI-FUDR after resection for CRLM. 7 In this study, approximately 40% of patients who received adjuvant chemotherapy also received HAI-FUDR. In this cohort, adjuvant HAI-FUDR modified the risk of liver recurrence, and this finding was consistent with those of previous clinical trials. 7, 35 HAI-FUDR was associated with improved HDFS, regardless of high or low texture signal. HAI-FUDR may be an effective treatment strategy for patients with a high risk of hepatic recurrence.
Homogenous tumors were associated with worse outcomes, which is consistent with trends observed in a study by Lubner et al.. 22 Based on radiographic assessment, Chun et al. showed that transition from a uniformly heterogenous tumor appearance to a homogeneous tumor appearance was associated with improved survival and pathologic response following neoadjuvant chemotherapy. 23 In our study, tumor fibrosis [40% and tumor texture signal were associated with OS (p \ 0.05) and trends in HDFS (p \ 0.10).
Extrahepatic disease was also independently associated with OS and HDFS, concordant with previous results. 4, 10, [36] [37] [38] Largest metastasis size was associated with OS in univariable analysis, as in previous series, but this finding did not hold in multivariable analysis. 4, 9, 10, 36, 37 In univariable analysis, neoadjuvant therapy was associated with worse OS. This variable was included in multivariable analysis but the suitability for inclusion is debatable. First, neoadjuvant therapy was delivered selectively, mostly on the basis of worrisome clinical features (size, multifocality, or extrahepatic disease), and likely reflected the burden of metastatic disease. Second, tumor response to neoadjuvant chemotherapy is associated with prognosis, whereas neoadjuvant chemotherapy alone does not result in tumor response. 39 In our data set, pathologic response was scored for all tumors regardless of chemotherapy status. Fibrosis [40% has been shown to drive the improvement in This study has several limitations. First, selection bias is inherent in the retrospective nature of the study. Therefore, both external validation and, optimally, a prospective trial are needed to validate these results. TA remains a nonvalidated marker in the investigational stage, but, if validated, has the potential to impact patient selection for specific therapies. Nevertheless, our cohort was the largest ever explored for liver TA, and the follow-up was extensive. The same CT acquisition protocol has been in place at our institution since 2002, therefore the rationale for including patients from 2003 to 2007 was to allow sufficient time to assess long-term recurrence and survival. Second, although a pathologist reviewed the resected nontumoral liver parenchyma, the grading of steatosis and steatohepatitis is potentially subject to sampling error, limiting correlation with texture features averaged over the entire FLR. In the same way, tumor fibrosis, necrosis, and mucin were also vulnerable to sampling error. Further studies to explain the correlation between texture values and pathology are needed. Finally, TA of CRLM is currently limited to high-volume medical centers with the infrastructure to support quantitative image analysis. However, we intentionally used routine preoperative CT images, a modality available at most institutions, so that the analysis could be automated in the future and made more widely applicable to general practice.
CONCLUSION
Tumoral and parenchymal differences on routine portal venous phase CT imaging can be quantified by analysis of underlying pixel variation. Imaging features were independently associated with survival and hepatic recurrence, suggesting that TA of the liver is worthy of further validation as a potential biomarker. 
